INTRODUCTION
Oceanic processes can create a highly dynamic and heterogeneous environment with considerable influence on biological productivity at varying spatial and temporal scales (Schneider 1994) . Top marine preda-tors that rely on prey aggregated at or by these physical features are themselves ultimately connected to the dynamic nature of these processes, affecting the predators' distribution in time and space (Hunt & Schneider 1987 , Schneider 1993 , Hunt et al. 1999 . Thus, studies that focus on where and when top marine ABSTRACT: Breeding sooty shearwaters Puffinus griseus cycle between long (11 to 14 d) and short (1 to 2 d) foraging bouts at sea, but no information exists on bird behavior during these trips. We tested the hypothesis that shearwaters use these long trips to travel to distant Antarctic waters compared to remaining in local waters. Patterns of habitat use of 28 breeding sooty shearwaters were studied using 6 g archival data loggers that recorded location, environmental temperature, and diving behavior. Dive activity was compared to remotely-sensed environmental data to characterize the habitats visited by shearwaters on long and short trips. Sooty shearwaters traveled predominantly (70% of all long trips) to cold oceanic waters along the Polar Front (mean ± SD, 1970 ± 930 km from colony) on long trips or remained within warmer neritic waters of the New Zealand shelf (515 ± 248 km from colony) on short trips. Diving depths (mean depth 15.9 ± 10.8 m, max depth 69.9 m, n = 2007 dives) were not significantly different between excursion types. Activity patterns suggest that shearwaters commuted between distant foraging grounds (e.g. Polar Front) and the breeding colony and that more than 95% of diving activity occurred during daylight hours. Although shearwaters traveled primarily to Antarctic waters on long trips, occasional trips around New Zealand waters were observed; all but 2 birds were from the northern-most study colony. Oceanic habitats in Antarctic waters were substantially different from neritic habitats around New Zealand, indicating that shearwaters experience dramatically different environmental conditions associated with each excursion type. The ability of sooty shearwaters to use 2 vastly different habitats provides greater flexibility for maximizing resource acquisition during breeding and reduces competition near the colony. predators occur, combined with associated correlates of the physical environment, can improve our understanding of their spatio-temporal relationships of habitat use, particularly when breeding.
For top predators like seabirds that breed on land and forage at sea, parents are fundamentally constrained by the distance separating them from where and when food is acquired and the location of their nesting colony (cf. Pennycuick et al. 1984 , Weimerskirch et al. 1997 . Oceanic processes therefore play a pivotal role in shaping the evolution of seabird breeding strategies, because it is generally regarded that most seabird species hatch young when biological productivity in the oceans peaks (Ashmole 1971 , Ricklefs 1990 ). Numerous studies have also shown that some seabird species (mainly albatrosses and petrels) alternate between long and short duration bouts to balance energy flow between parents and offspring (e.g. Chaurand & Weimerskirch 1994 , Weimerskirch et al. 1997 , Weimerskirch 1998 , Weimerskirch & Cherel 1998 . Despite the observed alternation of long and short duration bouts, there is a lack of complementary behavioral data, especially for small species (<1 kg), to evaluate whether birds use different marine habitats or have different activity patterns while conducting long and short trips.
By virtue of their abundance (ca. several million individuals; Brooke 2004), sooty shearwaters Puffinus griseus Gmelin, 1789 are major Southern Ocean predators. They are consummate flyers and capable divers, with the capacity to reach diving depths exceeding 60 m (Weimerskirch & Sagar 1996 ). However, the movement patterns, at-sea activity, and habitat use of breeding birds are poorly defined. Colony-based studies of sooty shearwaters (cf. Richdale 1963) indicate that parents alternate nest attendance patterns in a cyclical manner whereby adults mix short (1 to 2 d) and long (5 to 18 d) duration bouts at sea (Weimerskirch 1998) . Based on the number of sooty shearwaters observed at the Polar Front (Warham 1996) , Weimerskirch (1998) suggested that breeding birds probably foraged in productive Antarctic waters approximately 1500 to 2000 km from the colony. However, without studying the movement patterns of individual birds, it is difficult to determine the plausibility of this prediction. Therefore, we used tracking tags to test the hypothesis that sooty shearwaters exploit Antarctic waters on long trips as opposed to remaining in neritic waters around New Zealand. The tracking tags were data logging devices that also recorded diving behavior and environmental temperatures (cf. Shaffer et al. 2005 Shaffer et al. , 2006 , so we were able to characterize at-sea activity and habitat use (based on tag-derived and remotely sensed data) on long and short duration bouts. This additional informa-tion allowed us to test another prediction: habitat use (i.e. time spent and activity) varies with trip type based on the habitats visited.
MATERIALS AND METHODS
The distribution, movements at sea, diving behavior, and activity patterns of 28 sooty shearwaters were studied during the chick-rearing phase of breeding at 3 colonies in New Zealand. Two birds were studied from February to March 2003 on North East Island, the Snares Islands (48°02' S, 166°36' E), 20 birds were studied from January to February 2005 on Codfish Island (46°46' S, 167°39' E), and 6 birds were studied from March to April 2005 on Mana Island (41°06' S, 174°50' E; see Fig. 2a inset for map of colonies). All shearwaters were known breeders with 30-to 75-d-old chicks.
Sooty shearwaters return to their nesting burrows during nighttime hours only, but peak colony attendance occurs within the first hour after sunset (Weimerskirch 1998) . Burrows were checked hourly between 21:00 and 02:00 h and again at 05:00 h local time. When adults were found to be tending a chick, both adult and chick were removed from the burrow and weighed with a spring balance (±10 g). If it was determined that a chick had been fed (based on prior weighing done hours earlier), the chick was returned to the burrow and the adult was equipped with a data logger and placed back into its burrow. Upon return to the nest from a foraging excursion, both adult and chick were reweighed, the logger removed, and both birds were placed back into the burrow.
Archival tag deployments. Each shearwater was equipped with a 6 g Lotek LTD 2400 archival data logger (hereafter called an archival tag or tag; Lotek Wireless) following methods described by Shaffer et al. (2006) . In brief, tags were mounted to a plastic leg band using UV-resistant cable ties, Tesa tape ® , or a rubber strap. In total, the tag and attachments weighed <1.5% of total bird body mass.
The tags recorded ambient light intensity every 60 s to determine a single fix of latitude and longitude per day (i.e. Global Location Sensing [GLS] or geolocation; Wilson et al. 1992) . Given the known errors in this methodology (Wilson et al. 1992 , Phillips et al. 2004 , especially for latitude estimates, we incorporated measurements of sea surface temperatures (SST) recorded by the tag and compared these to remotely sensed SST to refine location estimates following methods and validation described elsewhere (Teo et al. 2004 , Shaffer et al. 2005 . Overall great circle error estimates of our tags averaged 202 ± 171 km (Shaffer et al. 2005) .
Archival tag deployments were based on 2 schedules. The first involved deployments where 11 adults were equipped for a single trip to sea. During these deployments, tags were programmed to sample light intensity, temperature (± 0.1°C, resolution 0.05°C), and pressure (± 0.1 m, max depth 200 m) every 24 (9 of 11 tags) or 32 s (the 2 rates are hereafter referred to as 'fast' sampling rate tags). These sampling rates were frequent enough to provide behavior over a 2 to 3 wk deployment before tag memory filled to capacity. Trip durations were determined by monitoring colony visitations on a nightly basis. The second deployment schedule was designed to record behavior throughout the remainder of breeding and the 6 mo migration that followed . Therefore, tags were programmed to sample light, temperature, and pressure every 432 s (hereafter referred to as 'slow' sampling rate tags), which provided a coarser temporal resolution of behavior, but lasted over 300 d before tag memory filled. Regardless of sampling interval, all tags recorded the same number of bird locations (i.e. 1 d -1 ). During the latter phase of breeding (ca. March through May), colony visitations were not monitored directly; rather, trip durations were determined by evaluating track data and temperature/light records (i.e. dark burrows were generally several degrees warmer than ocean temperatures). Given the error in GLS, we used a buffer of 300 km around each colony. If a bird location was within this buffer and the temperatures were above 25°C, we assumed that the bird had visited its burrow.
Analysis of geolocations, diving behavior, and activity. Location estimates were filtered for unrealistic travel rates using a speed filter (McConnell et al. 1992) with a threshold speed of 50 km h -1 (Spear & Ainley 1997) . In total, 93% of locations were kept after filtering. Track lines for each bird were created from the remaining locations using a curvilinear interpolation scheme (hermite spline; Tremblay et al. 2006) at 10 min intervals. The track interpolation allowed us to estimate dive locations based on synchronizing dive dates/times with the nearest location along the interpolated track. Total distance traveled and maximum distance from the colony (or range), were estimated from each interpolated track.
Given the temporal sampling rates of the loggers (24, 32, or 432 s), we do not report exact dive durations, surface intervals, or descent and ascent rates because it is likely that birds surfaced and dove again in between sampling intervals, which would bias our estimates of these behaviors (Wilson et al. 1995a ). Furthermore, we only report specific diving behaviors for tags that sampled every 24 or 32 s. This included diving depths at sampling times, temperatures at the surface or at depth, and the frequency of diving activity, which may have been underestimated by missed dives that occurred between sampling intervals.
Diving behavior was evaluated using the Iknos Dive Analysis program (Y. Tremblay unpubl.) developed in MatLab (The MathWorks). This program performs a 0 offset correction to account for sensor drift by reevaluating the sea surface pressure level between dives. A single dive was counted and characterized if the depth was below 25 times the resolution of the pressure sensor (i.e. deeper than 2.5 m) and if the duration lasted at least 2 times the sampling interval (i.e. 48 or 64 s). Given our low sampling rates, these thresholds were chosen to reduce as much as possible the likelihood of concatenating consecutive dives or splitting long dives. Although not optimal, we were confident that these parameters allowed a good estimate of diving activity, even if they could not resolve fine-scale diving behavior. Based on these criteria, we estimated that 95% of all surface intervals were less than 20 min apart. Therefore, surface intervals greater than 20 min were used to distinguish the breaks between diving bouts.
Utilization Distribution (UD) kernels were calculated from all dive locations (2005 only) to characterize the spatio-temporal patterns of habitat use by breeding shearwaters. UD kernels were calculated using the Iknos Kernel program (Y. Tremblay unpubl.) developed in MatLab, with a grid size of 80 km; a minimum of 2 individual birds within a grid cell were required to be counted, and each cell was normalized for bird effort by dividing each cell by the number of birds contributing to all dive locations within a grid cell (BirdLife International 2004). Spatial area was calculated for kernels after subtracting the area of each major land mass that overlapped with a UD kernel.
At-sea activity was quantified by determining when sooty shearwaters were on or off the sea surface by evaluating temperature changes measured by the loggers (Wilson et al. 1995b , Shaffer et al. 2005 . Temperature data were analyzed using a purpose-built routine developed in MatLab. This routine determined when birds landed or took off from the sea surface by evaluating the rate of temperature change and the stability of the temperature once a bird was on the water (Wilson et al. 1995b) . For this analysis, we only quantified activity of birds with tags that sampled at 24 or 32 s, and we report the number of landings per day or per trip, mean durations on the water or in flight, and the proportions of each.
Habitat analyses. To examine the habitat characteristics where sooty shearwaters traveled to and conducted dives, we used tag-derived temperatures and complementary remotely sensed data. Remotely sensed data were obtained from time series of environmental data at http://coastwatch.pfel.noaa.gov/ (see website for metadata on satellite sensors and parameters). These data sets included science quality products for primary productivity (PP) estimated using methods described by Behrenfeld & Falkowski (1997) with a resolution of 0.1°, SST that was a multiple-satellite blended product with a resolution of 0.1°(see Powell et al. 2008 for details on specific SST datasets), and 3 d average surface wind vectors (0.25°resolution) measured from the Seawinds sensor on the QuickSCAT spacecraft (e.g. Frielich 2000) . Bathymetry was extracted using data from ETOPO2 (Smith & Sandwell 1997) .
Data for each environmental parameter were extracted from the global time series within a 1°longitude by 2°latitude grid (the approximate error of the geolocation method) centered on the location and date of each dive. The mean ± SD of the data at a given dive location were used in subsequent analyses.
Statistical analyses. All statistical analyses were performed using MatLab or SAS ® (SAS Institute) with a significance level of p ≤ 0.05 for statistical tests (e.g.
t-tests, general linear models [GLMs]
). In some instances, mixed-effects analyses of variance (ANOVAs; Pinheiro & Bates 2000) were used to test for differences between habitats (i.e. sectors) for a given environmental parameter (e.g. SST) using individual birds as a random factor in the ANOVA. Restricted Maximum Likelihood (REML) estimations were used, and because the number of observations of habitat parameters varied by individual bird, Type 3 Sums of Squares were compared to account for the unbalanced design. All data are presented as mean ± 1 SD.
RESULTS
Shearwaters conducted a combined total of 88 excursions across 862 bird-days at sea. Trip durations were variable between birds, but the frequency distribution Bathymetry (m) Fig. 1 . Puffinus griseus. Frequency distribution of (a) foraging trip duration, (b) light level, (c) sea surface temperature, and (d) ocean bathymetry. All data were obtained by studying breeding sooty shearwaters equipped with data logging tags. In total, 88 foraging trips are shown in (a). Light levels and sea surface temperatures were recorded by the data loggers (n = 5433 observations) prior to or just after diving. Ocean bathymetry at each dive location (see Fig. 2b for dive locations) was obtained from remotely sensed data. The horizontal bar in (b) represents values for night (black) and day (white) of trip duration was roughly bimodal (Fig. 1a ). Using 4 d as a cutoff between short and long trips (Weimerskirch 1998) , the average duration of short trips was 1.93 ± 0.92 d, whereas long trips were 14.51 ± 6.25 d in duration. For those individuals monitored over multiple excursions to sea (n = 17 birds), the mean number of trips conducted by each bird was 5.1 ± 2.2.
Distribution at sea
Both shearwaters from the Snares Island colony traveled to oceanic waters southwest of the colony, whereas shearwaters from the Codfish Island colony traveled to coastal waters around New Zealand or to oceanic waters southwest and southeast of the colony. Shearwaters from the Mana Island colony remained in coastal waters around New Zealand or traveled to oceanic waters southeast of the colony (1 bird only).
Two main patterns of distribution were exhibited by the shearwaters. The first was the concentration of short (n = 33) and long (n = 17) duration trips within neritic waters of the New Zealand shelf (maximum range from colony was 515 ± 248 km; Fig. 2a ). The second pattern involved long duration trips (n = 38) to oceanic waters southwest or southeast of each breeding colony (maximum range from colony 1970 ± 930 km). The distribution of these long trips differed in that shearwaters conducted 24 trips to oceanic waters southeast of the colony compared to only 14 trips conducted to the southwest region. Like trip duration, maximum distance from the breeding colony was also variable between and within individuals and overall varied as a function of trip duration (F 1,86 = 164, p < 0.001, r 2 = 0.653). Estimates of total distance flown by shearwaters conducting short trips along the New Zealand shelf ranged between 800 and 1500 km compared to estimates for trips to oceanic waters along the Polar Frontal Zone that ranged between 4500 and 12 700 km. Estimates of total distance traveled per trip also varied as a function of duration at sea (F 1,86 = 435, p < 0.001, r 2 = 0.833). 
Diving behavior
Sooty shearwaters made a combined total of 5981 dives (for 2003 and 2005) , clustered in 3 discrete regions (Figs. 2b, c; only 2005 is shown). These regions exhibited the highest density of diving activity as shown by the 25, 50, 75, and 100% kernel UD based on diving activity (Fig. 2d) . A total of 2955 dives occurred within the 50% UD contours, comprising a total area of approximately 510 600 km 2 .
Closer inspection of diving activity for tags with higher sampling frequencies (24 to 32 s intervals) revealed that sooty shearwaters were capable of diving to depths as deep as 69.9 m (Table 1) . On average, however, diving depths were 15.9 ± 10.8 m (n = 2007 dives) with 90% of all dives occurring to depths less than 30 m. Although it was not possible to determine dive durations accurately, given the coarse sampling intervals, we estimated that 90% of all dives were less than 100 s in duration.
The number of dives that individual birds made varied with trip duration, but it was also evident that birds dove in discrete bouts of activity (e.g. Fig. 3 ). Bouts of diving activity were interspersed between periods lasting several hours during which no diving activity was recorded (Table 1) . Another pattern generally consistent for all birds was the lack of diving activity during nighttime hours (Fig. 3) . Ambient light levels measured by the data loggers just before or just after a dive also confirm that > 95% of all diving activity occurred during daylight hours (Fig. 1b) .
The data loggers also revealed information about the environmental conditions that shearwaters experienced while diving. For example, it was clear from water temperatures recorded by the tags that shearwaters dove in cool Antarctic waters (-1.7 to 5.0°C) or warmer temperate waters around the New Zealand shelf (12 to 22°C; Figs. 1c & 2b) . The frequency distribution of SSTs was distinctly bimodal with few measured SSTs in the range of 6 to 12°C. Like SST, ocean bathymetry associated with the approximate locations of diving activity was bimodal with few dives occurring within waters that were 1500 to 3000 m deep ( Fig. 1d) .
At-sea activity patterns
Sooty shearwaters spent an average of 76.1% (± 9.9%) of their total time at sea in flight, but they landed on the sea surface an average of 26.3 ± 10.5 times d -1 (Table 2) . Daily activity did not vary between short and long duration trips. The mean duration of each landing was 14.08 ± 30.10 min per event. In contrast, the average time spent in continuous flight without landing was longer and more variable (50.78 ± 90.24 min).
Habitat analyses
Dive activity was not uniform among neritic or oceanic habitats (Fig. 4a) . The total number of dives was greatest within waters surrounding New Zealand followed by the oceanic sector southeast of New Zealand (Fig. 4b) . When normalized for numbers of individuals, however, diving effort was greatest in the southeast sector and lowest in the center sector.
Multiple trips to oceanic sectors were made by 11 (39%) shearwaters. The remaining birds either did not visit oceanic sectors during the time that they were tracked or they visited an oceanic sector only once before the logger was recovered (i.e. short-term At-sea diving behavior of breeding sooty shearwaters equipped with fast sampling tags (see 'Materials and methods' for details). The hours at sea were based on the duration between the first and last landing on the sea surface. Surface ocean temperatures were recorded by the tag just prior to diving or just after surfacing, and temperature at depth was recorded at the deepest part of the dive. Sampling interval (SI): data logger sampling frequency in seconds, IBI: inter-bout interval. Two additional birds were equipped with fast sampling tags, but no viable behavioral data were obtained due to sensor/memory failures. All data are means ± 1 SD deployments). Of the birds that conducted multiple trips, only 2 (7%) made all trips to the same sector. Otherwise, all remaining birds visited a different sector from the previous trip at least once during the time that they were tracked. No birds visited multiple sectors in a single foraging trip.
Environmental characteristics of the core habitats were strikingly and significantly different (mixedeffects ANOVA, p < 0.001 for all comparisons) between neritic and oceanic sectors. Bathymetry was 2000 to 3000 m shallower, SST was 8 to 10°C warmer, PP was an order of magnitude greater, and wind speeds were Table 2 . Puffinus griseus. At-sea activity and behavior of breeding sooty shearwaters equipped with fast sampling tags (see 'Materials and methods' for details). Prop: proportion of time in flight or on the water. Two additional birds were equipped with fast sampling tags, but no viable behavioral data were obtained due to sensor/memory failures. All data are means ± SD Fig. 4 . Puffinus griseus. Habitat use of sooty shearwaters based on comparisons of diving activity and complementary environmental data. (a) Dive locations, partitioned into 4 quadrats (1 over neritic waters around New Zealand and 3 of equal size in oceanic waters) that generally encapsulated the core diving areas in oceanic waters (from Fig. 2d ). For example, the shaded box (55-65°S × 120-150°E) encapsulates the majority of dives in the southwest (SW) sector. Similar boundaries were created for the center (55-65°S × 150-180°E), southeast (SE) (55-65°S × 180°E-150°W), and New Zealand sectors (NZD; shaded box around main islands). Crosses within each oceanic quadrat denote the 'center' of dive activity or the center of the quadrat, for comparison of distances to the breeding colonies (white dots). (b) Box plots (with the median, 25% and 75% quartiles, error bars representing the 1.5 SD, and points beyond as outliers) of the total number of dives, dive effort, and the values of remotely sensed environmental data for each dive location within a sector 4 to 6 m s -1 slower in New Zealand waters compared to the oceanic sectors to the south (Fig. 4b) . The oceanic sectors in Antarctic waters also differed significantly (mixed-effects ANOVA, p ≤ 0.05) from one another; however, the biological significance of these differences is less clear because the differences were relatively minor (Fig. 4b) .
DISCUSSION

Spatial patterns in at-sea distribution
The results of our study confirm that breeding sooty shearwaters do indeed travel to Antarctic waters on long duration bouts, thus supporting our hypothesis. However, we also observed that shearwaters occasionally conducted long duration excursions around New Zealand waters. This may be influenced by colony location, as most shearwaters from the northern colony (Mana Island) remained within New Zealand waters, whereas birds from the 2 southern colonies (Snares and Codfish Islands) conducted nearly all of their long trips well south of their respective colonies. Tracking studies at the Mana Island colony commenced nearly 1 mo later (but within the same year) than those at Codfish Island, so it is possible that seasonal effects also influenced spatial patterns in habitat use. Further studies would be required to confirm this conclusion.
Given our results that sooty shearwaters will travel well over 2000 km from a breeding colony to forage, how prevalent is this pattern among other seabird species that have been tracked? Short-tailed shearwaters Puffinus tenuirostris and white-chinned petrels Procellaria aequinoctialis conduct extensive foraging excursions from their breeding colonies to Antarctic waters during the chick-provisioning period (Weimerskirch & Cherel 1998 , Berrow et al. 2000 , Catard et al. 2000 , Klomp & Schultz 2000 . For non-procellariiform seabirds, travel to these distant foraging areas over 2000 km away would seem prohibitive during the demanding chick-provisioning period. However, shearwaters and petrels have long slender wings like albatrosses for relatively fast efficient travel (Pennycuick 1987) . Based on previous tracking studies (Klomp & Schultz 2000 , both short-tailed and sooty shearwaters are capable of traveling over 1000 km d -1 . Therefore, under favorable wind conditions, these shearwaters could easily travel several thousand km from a breeding burrow and back in 2 to 4 d and still have ample time (5 to 7 d or more) to forage in more productive Antarctic waters.
In contrast to long duration forays to oceanic (or neritic waters), sooty shearwaters are more constrained to 'local' waters on short bouts ( Fig. 2a,d) . The bimodal pattern of long and short foraging bouts in sooty shearwaters (e.g. Fig. 1a ), first observed by Weimerskirch (1998) , is the probable reason for the cyclic attendance of nests observed in sooty shearwaters by Richdale (1963) . This strategy has now been observed in shorttailed and wedge-tailed shearwaters Puffinus pacificus (Weimerskirch & Cherel 1998 , Congdon et al. 2005 ). Although we did not monitor colony attendance patterns and chick provisioning during the entire tracking period, the functions of these trips result in different energy intakes and flow between adults and chicks (Weimerskirch 1998 , Weimerskirch & Cherel 1998 . These results are entirely consistent with our characterization of the environmental conditions of each habitat visited by the shearwaters (discussed below). Thus, the use of a dual strategy may provide adults with greater flexibility in habitat choice to facilitate energy intake or to simply 'bet hedge' in case environmental conditions or food availability are poor in 1 habitat versus another.
One of the more striking results in the foraging patterns and habitat use of sooty shearwaters revealed in our study was the concentration of diving activity in 2 distinct main oceanic regions south of the 3 colonies. The paucity of diving activity between the shelf and oceanic regions suggests that birds were primarily commuting between the colony and each core area to forage. Otherwise, we would have expected shearwaters to engage in diving activity opportunistically along the paths of their trips.
Diving behavior and activity
To our knowledge, the present study is the first to characterize the diving behavior of shearwaters using electronic tags. We are aware of diving studies on at least 6 shearwater species (5 Puffinus spp. and 1 Calonectris sp.; reviewed by Burger 2001), but these studies all used capillary tubes to measure the single deepest dive of a bird during a trip to sea. Although informative, this method provides no detail of individual diving activity, except maximum depth. In contrast, the time-depth records from our loggers showed that sooty shearwaters are prolific divers, with some birds diving more than 500 times in a single trip to sea (Table 1 ). The average maximum dive depth of sooty shearwaters measured with data loggers was 16 m, but the deepest dive was 69.9 m, nearly identical to measurements obtained with capillary tube gauges for both sooty (Weimerskirch & Sagar 1996 ) and shorttailed shearwaters (Weimerskirch & Cherel 1998) . Thus, although the deepest dives are consistent with previous records obtained with capillary tubes, it is clear that sooty shearwaters dive more frequently to shallower depths. Compared to records of diving behavior for other seabirds, Puffinus shearwaters can dive deeper than other flying seabirds of comparable body mass (Burger 2001) . Given the frequency of diving activity that we measured, our results suggest that shearwaters probably obtain more food from diving than was previously thought (Burger 2001) .
We determined that sooty shearwaters dove in discrete bouts of activity, with average durations of 6 h between bouts of diving (Table 1 ). Although we were not able to accurately determine dive durations or 2-dimensional shape, we were able to resolve temporal associations in diving activity. For example, sooty shearwaters overwhelmingly dove during daylight hours (Figs. 1b & 3) . This could partially be explained by the fact that birds experienced short or even non-existent nighttime periods when foraging in the Antarctic summer. However, nearly half of all dives were conducted along the New Zealand shelf (Fig. 1d ) at latitudes at or below 50°S. At these latitudes, shearwaters would experience several hours of darkness during nighttime hours, yet <1% of all dives were conducted in darkness (see Fig. 1b ). Some dive activity was also clustered around sunrise and sunset, suggesting that sooty shearwaters possibly capitalized on prey species that migrate to the surface at night and descend during the day (e.g. crustaceans, myctophids, and squids), which is consistent with the observed diet in breeding sooty shearwaters (Kitson et al. 2000 , Cruz et al. 2001 .
Based on activity levels, we found that sooty shearwaters spend more than 75% of their time at sea in flight, yet land on the water an average of 27 times d -1 ( Table 2) . The proportion of time in flight is high compared to several albatross species, which typically spend 50 to 74% of their time at sea in flight (Shaffer et al. 2001 , Weimerskirch & Guionnet 2002 , Phalan et al. 2007 ). However, Laysan albatrosses Phoebastria immutabilis and black-footed albatrosses P. nigripes spend even higher proportions of time at sea in flight (80 to 90%) than sooty shearwaters (Fernández & Anderson 2000) . We are unaware of any other comparable data for petrels of a similar size to sooty shearwaters. Given that diving activity of sooty shearwaters is relatively high, we might expect a high frequency of landings, particularly when they are near their foraging grounds.
Patterns of habitat use
The flight paths and spatial proximity of diving activity by sooty shearwaters showed striking and somewhat unexpected variation in habitat use. It was clear that sooty shearwaters used 2 primary habitat types characterized by (1) temperate waters (13 to 17°C) over the New Zealand shelf and shelf edge, and (2) cold Antarctic waters (2 to 4°C) over deep bathymetric features. When shearwaters foraged on the shelf, diving activity was greatest along the east coast of South Island (Fig. 2d ). This region is dominated by localized processes such as wind-driven coastal upwelling, relatively high PP, mixed layer depth, and physical forcing influenced by the shallow bathymetry and numerous seamounts on the New Zealand shelf (Bradford et al. 1991 , Vincent et al. 1991 , Murphy et al. 2001 ). Conversely, the distant oceanic regions where shearwaters traveled on long trips were more likely influenced by large-scale oceanic processes driven primarily by strong winds, frontal systems, and prevalence of the Circumpolar Antarctic Current (Huntley & Niiler 1995 , Constable et al. 2003 . As a result, the physical processes governing each habitat type and the scales over which they occur will influence prey availability, predictability, and composition in different ways (Hunt & Schneider 1987 , Hunt et al. 1999 . Supporting evidence comes from studies on the diet of breeding sooty shearwaters, which suggest variations in habitat use based on the biogeographical distribution of the prey found in the diet (Kitson et al. 2000 , Cruz et al. 2001 .
A comparison of habitat use by shearwaters within oceanic sectors revealed a bias towards greater activity within the southeast sector. Nearly twice the number of trips, 5 to 6 times the total number of dives, and overall dive effort was concentrated within a region along the Polar Front between 55 and 65°S (Fig. 4a,b) . The geographic center of this core area was approximately 2350 km southeast of Codfish Island compared to the other core area that was ca. 2480 km to the southwest of Codfish Island. Although statistically different, the oceanographic features of each sector were not dramatically different, so it is not clear why diving activity differed between sectors. However, several possible explanations merit further exploration. For example, the trajectories of prevailing wind patterns in relation to movement patterns of birds at certain points along a trip (e.g. departure from the colony or core habitat) influence large-scale movements (cf. Weimerskirch et al. 2000 , Felicísimo et al. 2008 , Suryan et al. 2008 . It is also possible that prey resources could have been greater in the southeast region compared to the southwest, which would explain the greater visitations and activity within the southeast region. Sampling bias could also be a factor in that our sample sizes were not equivalent between the colonies monitored and were small overall compared to the population as a whole. Future studies that combine tracking with colonybased monitoring of food loads brought to the nest and/or body mass changes would undoubtedly resolve this question of habitat use. 
